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Ytterbium doping in all-inorganic lead-halide perovskites [CsPb(Cl,_,Br,);] generates interesting properties
including quantum cutting and narrow line emission, making these materials attractive spectral down converters
for solar photovoltaics. The relationship between this optical efficiency and the defect structure(s) associated with
Yb** dopants within perovskites is not well understood. Various charge-neutral doping motifs have previously
been proposed and studied computationally, including clusters involving two substitutional Yb*" ions charge
compensated by a single local Pb®" vacancy. Near-band-edge defect states associated with such motifs are
believed to play an important mechanistic role in quantum cutting itself. Here, we report the results of x-ray
absorption and x-ray total-scattering measurements on ytterbium-doped CsPbCl;. XANES shows that the dopant
oxidation state is exclusively Yb*", and a combination of Yb L; and Pb L; extended x-ray absorption fine
structure (EXAFS) shows that this Yb*" substitutes exclusively at Pb>" sites, where it adopts a pseudo-octahedral
[YbCle]*~ coordination environment. Shell-by-shell fits to the data show a short Yb-Cl bond distance of 2.58
A compared to the Pb-Cl bond distance of 2.83 A. We confirm this finding by x-ray pair distribution function
analysis, which also shows evidence of additional Pb** vacancy formation induced by Yb** doping. We evaluate
whether this is the primary mechanism of charge compensation using simulated EXAFS and pair distribution
function data for several computed defect structures. Together, these results resolve the local dopant structures
and charge-compensation mechanisms in lanthanide-doped all-inorganic lead-halide perovskites, and, as such,
significantly advance the understanding of structure-function relationships in this important class of materials.

DOI: 10.1103/PhysRevMaterials.6.074601

I. INTRODUCTION

Lanthanide doping has been reported to increase lattice sta-
bility, expand optical properties, and improve the photovoltaic
performance of lead-halide perovskites [1-5]. Yb*™ doping
into cesium-lead-halide [CsPb(Cl;_,Br,);, 0 < x <~ 2/3]
perovskites can also produce photoluminescence quantum
yields (PLQYs) above 100% via a unique quantum-cutting
process, in which the energies of blue or UV photons absorbed
by the perovskite are split to yield two emitted near-infrared
photons from Yb** dopants [3,6-9]. Such “quantum cutting”
has been demonstrated to markedly improve the power-
conversion efficiencies (PCEs) of silicon and copper indium
gallium selenide photovoltaics [3], and it has the capacity to
increase the PCEs of high-efficiency silicon heterojunction
and other red-sensitive solar cells by as much as ~ 20% (rel-
ative) [10].

The specific ytterbium species that enable quantum cut-
ting remain largely unknown. The Yb** emission from
quantum-cutting CsPbCl; nanocrystals, thin films, and bulk
single crystals has been studied in detail [11]. These data
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provide evidence of multiple Yb** species coexisting in
these materials, but just one primary Yb®* emission cen-
ter, identified as having pseudo-octahedral coordination. The
Yb>* speciation probed by photoluminescence (PL) is bi-
ased toward detection of only those ions participating in
quantum cutting, however, and consequently reveals little
about associated dopant-induced defects. Specifically, Yb**
ions are believed to substitute for Pb’t in the perovskite
lattice, but because of their extra positive charges, such sub-
stitution requires charge compensation via defect formation.
A charge-neutral defect cluster involving two substitutional
Yb** ions ([Yb*']") compensated by an adjacent Pb**
vacancy ([Vpb]2’) has been proposed as a candidate struc-
ture (i.e., [Yb+ — Vi — YB*F1) [8]. Computational studies
[12] support the existence of this defect cluster in doped
CsPbCls, and also predict the coexistence of other defect
motifs, most prevalently substitutional [Yb3+]+ ions com-
pensated by distal [Vep]>~, and [YD?T — V]~ defects with
distal [Yb3+]Jr for compensation. The speciation depends on
the Yb’* concentration and the chemical activities of the
other lattice constituents. Near-band-edge states associated
with such defect motifs appear to play an important mecha-
nistic role in quantum cutting itself [8,11,13]. PL may also
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overlook other relevant species. For example, Yb** is among
the most easily reduced of the trivalent lanthanides, raising the
possibility of yet-undetected Yb>* species. Indeed, CsYbls
perovskites with B-site Yb** are known [14], and an easily
reduced Yb?* site has been proposed as a transient intermedi-
ate in some quantum-cutting mechanistic schemes [15,16]. To
date, x-ray diffraction (XRD) has been inconclusive about the
structural changes to CsPbCl; associated with lanthanide dop-
ing, with some reports showing no changes in diffraction until
doping exceeds ~10% (percentage of total B-site cations)
[7,8,11], and others showing small peak shifts and new peaks
at only ~1% doping [6,17]. Further structural characterization
is needed.

Several reports have described the use of x-ray absorp-
tion techniques to study the local structures of dopants in
metal-halide perovskites, including Mn**, Cu®**, Ni**, and
Yb’*+ [18-21]. Although the long-range order (i.e., period-
icity) of the lattice is generally not altered upon doping, the
short-range order around the dopant frequently differs from
that of the host lattice. For example, Ni>* and Cu** impu-
rities increase short-range order in metal-halide perovskites,
whereas Yb** is reported to decrease the short-range order
[18,19,21]. The accompanying Pb L3 extended x-ray absorp-
tion fine structure (EXAFS) data are largely insensitive to such
dopant-induced changes in short-range order. An EXAFS
study of Yb*T:CsPbCl; nanocrystals supports the proposed
substitution of Yb>* at Pb** sites [19], and reports that in-
creased doping causes an increase in anomalous band-edge
emission, which the authors attributed to structural defects.
Previous work has also investigated the CsPbBr3 perovskite
lattice via x-ray total scattering [22,23], identifying short-
to medium-range order and domain twinning. To date, there
have been no x-ray total scattering studies of doped CsPbXj3
perovskites. Such experiments, in conjunction with x-ray
absorption spectroscopy, are anticipated to advance our un-
derstanding of the microscopic structures of these important
optoelectronic materials.

Here, we report structural studies of 0.0%, 0.9% and 7.4%
ytterbium-doped CsPbCl; using extended x-ray absorption
fine structure (EXAFS) and pair distribution function (PDF)
methods. These structural data are complemented by density
functional theory (DFT) and ab initio molecular dynamics
(AIMD) calculations. We find conclusive evidence for substi-
tution of Yb*>* at Pb>* sites in CsPbCls, with no detectable
Yb?*, and additionally observe the formation of Pb** va-
cancies upon doping with Yb**. These experimental results
are discussed in relation to various proposed local defect
structures.

II. METHODS

Materials and sample preparation. Yb>*:CsPbCl; single
crystals were grown via the Bridgman technique from melts
of stoichiometric admixtures of precursors (see Roh et al.
[11] for details). For the experiments detailed here, three
such samples were used; they were obtained using nomi-
nal Yb*>* concentrations of 0, 2, and 10% during growth,
respectively, where Yb*™ concentrations are reported as the
percentage of total B-site cations, i.e., %Yb*T = 100% x
[Yb]/([Yb] + [Pb]). These doping levels were selected to

allow comparison across a broad range of compositions
relevant to prior PL studies, while still providing good exper-
imental signal-to-noise. Optical spectroscopy of these single
crystals has been reported previously [11]. Yb** contents in
these crystals were determined analytically via inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
(PerkinElmer 8300) and found to be 0.0, 0.9, and 7.4% Yb3t,
respectively. For ICP-AES measurements, portions of the
three crystals were digested in concentrated nitric acid with
sonication, then diluted with nanopure water. For XRD and
PDF measurements, portions of the Bridgman crystals were
gently crushed under nitrogen atmosphere with a mortar and
pestle to produce microcrystalline powders. Powder XRD data
(Fig. S1 in the Supplemental Material [24]) were collected us-
ing a Bruker D8 Discover with a Cu K« source (50 kV, 1 mA).
Thin film samples for x-ray absorption spectroscopy (XAS)
measurements were made by single-source vapor deposition
on quartz substrates followed by thermal annealing in ambi-
ent atmosphere at 250 °C for 10 min [25]. A nominal Yb3t
content of 5% was used, and prior work has demonstrated that
the thin films contain almost the same concentration of Yb**
as the single-source precursor (e.g., 4.7% vs 5.0% in [25]).

XAS measurements. X-ray absorption near edge structure
(XANES) and extended x-ray absorption fine structure (EX-
AFS) spectra were collected at beamlines 20-ID-B and 9-BM
at the Advanced Photon Source at Argonne National Labora-
tory. Yb L3 edge (8944 eV) and Pb L3 edge (13035 eV) data
were collected in fluorescence mode for single crystals of each
sample at room temperature under helium atmosphere with
active purging (see Fig. S2 in the Supplemental Material [24]).
A Si(111) double-crystal monochromator was used to select
the incident energy with He filled ion chambers to monitor
the flux. The monochromator was calibrated using Cu foil
(8979 eV) or Pb foil. The pre-edge region was collected from
200 to 30 eV below the edge with a step size of 5 eV and a
collection time of 0.5 s at each step. From 30 eV below the
edge to 30 eV above the edge, data were collected in 0.50-eV
steps for 0.5 s at each step. Postedge data were collected to
14 keV (for Yb) or 13 keV (for Pb) and obtained with a
0.05-keV step size and a collection time of 0.5 s per step.
Ytterbium (II) iodide and ytterbium (III) chloride hexahydrate
Yb L; edges were collected in transmission mode for use as
XANES fitting standards. Data normalization, energy cali-
bration, and linear-combination fitting (LCF) were performed
using ATHENA software [26]. Yb XANES spectra were fit
using a linear combination of spectra of the two Yb standards.
R-space EXAFS data were corrected in Artemis using a Cl
single scattering path from the CsPbCl; host lattice structure.
For the sake of clarity, we use R + AR to denote the corrected
radial distance axis in the EXAFS data. Simulated EXAFS
data were calculated from AIMD simulated structures (vide
infra) using the FEFF10 package [27-29]. Fits to the EXAFS
data from proposed defect structures were performed with
ARTEMIS software [26].

PDF measurements. X-ray total scattering data were col-
lected at beamline 11-ID-B at the Advanced Photon Source at
Argonne National Laboratory [30]. Powdered single-crystal
samples were measured at room temperature under a low-O,
nitrogen atmosphere using monochromatic x rays at ~86.7
keV (A =0.1430 A). Using a Varex 4343CT area detector
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(150 x 150 um? pixel size), the sample-to-detector distance
and detector nonorthogonality were calibrated with a CeO,
standard (NIST 674a). X-ray total scattering data were inte-
grated using the GSAS-II software [31] and a radial bin size
of 1400. Background subtraction and PDF processing were
initially performed using the PDFGETX3 software [32], with
additional quantitative processing in PDFGETX2 [33]. Raw
intensity [/(Q)] data were not rescaled in any way before
analysis. For PDF processing, a O, of 24 A1 and 7max Of 30
A were used. Additional corrections account for composition
(as determined by ICP), sample absorption, and Compton
scattering. The PDFGUI [34] package was used to determine
the instrument parameters ggamp = 0.0364 A-1 and Gbroad =
0.001 18 A~!. Partial PDFs of CsPbCl; were calculated using
a reference CsPbCl; Pnma structure (ICSD no. 243734) [35]
and the refined instrumental parameters. Differential PDFs
(dPDFs), D(r), were obtained by subtracting the CsPbCls
G(r) from the data for each of the two doped Yb?t+:CsPbCl;
samples. For clarity, 7 in A is used to denote the absolute
radial distance axis in our PDF figures. The synthetic G(r)
profiles were calculated from 1-ps AIMD trajectories for each
model defect structure using the powder method in the DISCUS
[36] software package, with the refined instrument param-
eters gdamp and @proaq. Profiles were scaled to account for
differences in Yb®* concentration. Calculated profiles were
computed for every 60 fs of simulation time (using 2-fs time
steps) and averaged to account for thermal motion of the
system over 1 ps. The first and second halves of the trajectory
were compared to account for possible sampling bias, but
none was found (Fig. S10 [24]). dPDF data for the simulations
were calculated by subtracting the synthetic PDF for CsPbCl;
from the synthetic PDF for the respective proposed dopant
structure.

ADb initio simulations. Details of the simulation methods
were previously reported [12]. All first-principles calcula-
tions were carried out using the Vienna Ab-Initio Simulation
Package (VASP) [37,38]. Plane-wave, Kohn-Sham density
functional theory calculations employed the all-electron
projector-augmented wave (PAW) method in the generalized
gradient approximation (GGA) with the semilocal PBEsol
functional [39—41]. In the pseudopotentials, nine electrons of
atomic Cs (5525p°6s!), four electrons of atomic Pb (6s26p%),
and seven electrons of atomic Cl (3s23p’) were treated as
valence electrons, while 13 f electrons in the [Xe]4 f1*6s> va-
lence configuration of atomic Yb were treated as frozen core
electrons. A plane-wave basis cutoff was set to 400 eV, and a
Gamma-centered k-point mesh was used for Brillouin-zone
integration [42]. The volume, shape, and atomic positions
were relaxed until interatomic Hellmann-Feynman forces
were less than 0.01 eV/A. A dopant concentration of 2.8%
was used for these calculations.

AIMD simulations were run with VASP for 1-ps durations
with 2-fs time steps for each defect structure. Using the Nose-
Hoover thermostat and NVT ensemble, the temperature was
set to 300 K, and the simulation volume was fixed to the
relaxed volume of the defect supercells. All defect calcula-
tions were performed on 3 x 3 x 2 supercells derived from
the 20-atom unit cell in the low-energy Pnma perovskite
phase. A dopant concentration of ~ 7.4% was used for these
simulations.
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FIG. 1. Yb L;-edge XANES spectra for single-crystal and thin-
film (TF) samples of Yb**:CsPbCls, compared with Yb** (YbCl; -
6H,0) and Yb>* (Ybl,) standards. All Yb**:CsPbCl; samples show
the same dominant peak coinciding with the Yb*t standard peak
(vertical dashed line). The second derivatives of the Yb**:CsPbCl;
spectra (not shown) also show no detectable Yb*,

III. RESULTS AND DISCUSSION

XANES and EXAFS measurements. Figure 1 shows Yb Ls-
edge XANES data collected for 0.9% and 7.4% Yb-doped
CsPbCl; single crystals, a 5% Yb-doped CsPbCl; thin film,
an ytterbium (III) chloride standard, and an ytterbium (II)
iodide standard. The thin-film sample was included to assess
the influence of surfaces and grain boundaries on the oxidation
state of Yb. There are no significant differences between the
single-crystal and thin-film data, from which we conclude that
surfaces and grain boundaries do not affect the Yb oxidation
state in any significant way. The Yb L3 edges of the doped
CsPbCl; samples agree very well with the Yb(III) standard
(vertical dashed line). Fitting the 7.4% data to linear combi-
nations of the two Yb standards allows the conclusion that
99 + 1% of the Yb dopants are in the Yb(III) oxidation state.
The spectrum’s second second-derivative (not shown) shows
no evidence of any YbZt peak, consistent with the above
conclusion. We therefore henceforth refer to these samples as
Yb**+:CsPbCls.

To probe the local structure of Yb** in the CsPbCls
host lattice, Pb Ls;-edge (13035 eV) and Yb L3-edge (8943
eV) EXAFS data were collected for the CsPbCls;, 0.9%
Yb**, and 7.4% Yb*T-doped CsPbCl; single crystals (Fig.
S3, Supplemental Material [24]). Figure 2 shows the scaled,
phase-corrected Fourier transform EXAFS data for the Pb L3
and Yb L3 edges of the 0.9% and 7.4% Yb*"-doped CsPbCl;
single crystals. For ease of comparison, the Pb data for each
sample have been scaled so their peak intensity matches
that of the corresponding Yb data, but the Yb L3 edge data
have not been scaled. Only the nearest-neighbor peak, cor-
responding to Cl single scatterers, is visible in each Pb L3
measurement, as previously reported for Pb edge data from
other perovskite samples [18,19,21,43]. The Yb L3 data are
similar to the Pb L3 data except that they show a marked de-
crease in R by ~0.2 A, consistent with shorter Yb**-CI~ bond
lengths compared to Pb?*-CI~ bond lengths. Shell-by-shell
fitting of these data shows good agreement with a structure
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FIG. 2. Fourier transform (real space) EXAFS spectra from the
Yb L3 (solid) and Pb L; (dashed) edges for 7.4%- (blue) and 0.9%-
doped (red) Yb*":CsPbCl; single crystals. The Pb data have been
vertically scaled so the primary peak intensity matches that of the
Yb L; data for the same sample for comparison. Data have been
phase-corrected to the primary peak for each edge, based on M-Cl
single scattering paths, where M = Yb or Pb. A window of 1.0-2.8
A was used for shell-by-shell fitting. The peak positions indicate
a 0.2-A contraction of [YbClg]’~ octahedra relative to [PbClg]*~
octahedra.

involving six nearest-neighbor CI™ anions in an octahedral
arrangement around Yb**. For the data from the 7.4% Yb**
sample, the shoulder at ~2.0 A is accounted for well by the
Cl single scattering path fits. We attribute the greater shoulder
at ~2.1 A in the 0.9% Yb**:CsPbCl; Yb L; data to Fourier
noise, visible in the k-space data (see Fig. S3, Supplemental
Material [24]).

The DFT-optimized defect structures previously identified
by Sommer et al. [12] were enlisted to assist further as-
sessment of the Yb*"-related structures on an atomic scale.
Figure 3 shows schematic representations of the four main de-
fect structures considered in this work. In each structure, Yb3*
dopants occupy Pb*>* sites (Ybpy) in the CsPbCls lattice. The
simplest structure is a substitutional Yb** ion with no other
proximal defects, i.e., a [Ybp,]" defect. This defect lacks local
charge compensation and is predicted to be less prevalent than
charge-compensated defect structures at the experimentally
relevant Yb>* concentrations [12]. Among the more prevalent
structures are Ybp, with an adjacent Pb*t vacancy (Vpyp), i.€.,
a[Ybp, — Vp,]~ defect (in conjunction with a distal [Ybpy] ™),
and charge-neutral defect clusters involving two Ybp, ions
adjacent to a single Vpyp, i.e., a [Ybpy, — Vpp, — Ybpy]? “dimer”
defect. Two such dimer defect structures are possible, one
in a linear arrangement and the other in a bent (orthogonal)
arrangement. Such structures may also exist with different
orientations relative to the crystallographic axes. DFT calcu-
lations predict the energies of these various arrangements to
be essentially equivalent [12]. Using these DFT structures,
we performed shell-by-shell fits to the Yb EXAFS data us-
ing the ARTEMIS package (Fig. S5 and Tables SI and SII in
the Supplemental Material [24]). All defect structures fit to
the nearest-neighbor Yb-Cl scattering path equally well, with
the exception of the [Ybpy]*t structure, which yields slightly
higher R factors and szed goodness-of-fit values, indicating a
poorer fit.
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FIG. 3. Yb*" dopant/defect CsPbCl; structures (sliced along
[110] plane) used in DFT calculations. Red: Yb**; gray: Pb>*; blue:
Cl~. Cs" ions have been omitted for clarity. (a) [Ybp, — V] : a
substitutional Yb** adjacent to a Pb>* vacancy. (b) [Ybp,]*: a sin-
gle substitutional Yb3, (c),(d) [Ybp, — Vpp — Ybp, 1% charge-neutral
“dimer” structures involving two substitutional Yb** ions adjacent to
a single Pb*" vacancy in (c) a linear arrangement and (d) a bent or
orthogonal arrangement.

Figure 4 shows simulated EXAFS results for each of the
computed Yb** defect structures, in comparison with the
experimental Yb L3 EXAFS data. These data are plotted in
both k space and R space. The computed k-space EXAFS data
show only small variations in peak shape and position among
the various proposed structures, with minor variations around
4,8, and 9 A and growing more distinct at 10 A and beyond.
The k-space plot terminates at 11 A, reflecting the cutoff
used in data processing. Similarly, the R-space features are
quite similar for each of the four computed defect structures,
all showing a dominant nearest-neighbor chloride peak at ~
2.2 A and only small secondary features. The vertical dashed
lines in Fig. 4(b) highlight the distances at which the most dis-
tinctive differences between computed structures are found.
Unfortunately, the differences in the experimental data among
these structures in either k- or R-space representations are
too slight to enable differentiation between the defect models.
Using ATHENA, the experimental spectra were fit using a lin-
ear combination of simulated spectra for each structure. This
exercise (not shown) found similar goodness of fit regardless
of the simulated structure, likely due to structural similarities
particularly in the nearest-neighbor peak, but also extending
to the region where second-nearest neighboring peaks are
resolved. EXAFS was thus unable to distinguish among these
Yb3* defect structures, and did not yield additional structural
insights beyond the nearest-neighbor distances deduced from
Fig. 2. We therefore turned to PDF measurements to probe
differences in the short-range order on the bulk scale.
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FIG. 4. EXAFS spectra calculated from AIMD trajectories (top) from each calculated structure of Fig. 3, compared with Yb L;-edge
EXAFS data (purple, brown) in (a) k space and (b) R space for 7.4%- and 0.9%-doped Yb**:CsPbCl; single crystals. Dashed lines in (b) serve

as a guide for the eye on minor peak positions.

PDF characterization. Figure 5(a) shows PDF profiles
[G(r)] measured from powders of the same CsPbCls, 0.9%
Yb**+:CsPbCls, and 7.4% Yb>*+:CsPbCl; samples used above.
All three curves are qualitatively similar to those previously
reported for undoped CsPbBr; perovskites [22,23], with the

expected reduction in G(r) intensity due to the use here of
CI™ rather than the more electron-rich Br~. PDF calculations
based on existing crystal structures [35] predict the short-
range peaks associated with specific atom pairs: Pb-Cl, Cs-Cl,
Pb-Cs, and Pb-Pb (Fig. 5). The Cs-associated peaks, particu-

—— CsPbCls
—— 0.9% Yb3*:CsPbCls
—— 7.4% Yb3*:CsPbCls

FIG. 5. (a) Experimental pair distribution function profiles [PDF, G(r)] measured for CsPbCls, 0.9% Yb*":CsPbCls;, and 7.4%
Yb**:CsPbCl; powdered single crystals. Primary short-range-order peaks are labeled. Inset: color-coordinated illustration of key atom pairs in
the CsPbCl; structure. Black dashed lines denote peaks with significant Pb-Pb pair contribution, the green dashed line denotes the Pb-Cl pair
peak, and the red dashed line the Pb-Cs pair peak. (b) Differential PDFs [dPDFs, D(r)] obtained by subtracting the CsPbCl; PDF from the
PDFs of each of the Yb**-doped samples. Note that the 0.9% Yb**:CsPbCl; D(r) amplitudes are multiplied by 8 to allow representation on

the same y scale as the 7.4% Yb*":CsPbCl; data.
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FIG. 6. Pb-ClI peak region in the PDF of CsPbCl; (black) and
7.4% Yb*+:CsPbCl; (blue) and dPDF of 7.4% Yb**:CsPbCl; pow-
dered single crystals. The 7.4% Yb*":CsPbCl; data show a decrease
in the Pb-Cl peak intensity at 2.8 A and an increase in intensity
at ~2.58 A, consistent with the loss of Pb>*-Cl~ bonds and the
appearance of Yb**-C1~ bonds. A similar result is obtained for the
0.9% Yb>*+:CsPbCl; data, but with a diminished signal-to-noise ratio
[Fig. 5(b)]. Red markers indicate predicted changes in the peak
intensity for Yb** substitution without any Pb*' vacancies, and
green markers indicate predicted changes with 0.5 Pb** vacancies
per Yb**.

larly the Cs-Cl atom pair, show large broadening as expected
from the distribution of Cs bond distances in this host lattice
[35]. Although the overall PDF results are very similar for
all three samples, subtle differences are apparent, particularly
in the 7.4% Yb>T:CsPbCl; data. Notable features include a
shoulder on the Pb-Cl peak at ~2.58 A and reductions in the
peak intensities marked with green and black dashed lines
in Fig. 5. To highlight these differences, Fig. 5(b) shows
differential PDF [dPDF, D(r)] data obtained by subtracting
the CsPbCl; data from the Yb’*:CsPbCl; data. The 0.9%
data in Fig. 5(b) are magnified by a factor of 8 to facilitate
comparison with the 7.4% data. These dPDF data reveal a
clear increase in intensity of the shoulder near the Pb-Cl peak,
as well as negative intensities marked with the black dashed
lines. The 0.9% data appear to share the same features as the
7.4% data except with smaller amplitudes and hence lower
signal-to-noise ratios. Partial PDF calculations show that the
majority of these negative D(r) intensities correspond to Pb-
Pb atom pairs (black dashed lines in Fig. 5; see Fig. S7 in the
Supplemental Material [24]). These results demonstrate a loss
of Pb-Pb atom pair correlation upon Yb** doping in CsPbCl;.

Figure 6 enlarges the PDF and dPDF data for the 7.4%
Yb3*:CsPbCl; sample from Fig. 5 between 2.3 and 3.2 A to
focus on just the first M-Cl feature. These data highlight the
appearance of a shoulder on the left side of the Pb-Cl peak
upon Yb** doping, at r = 2.58 A. This shoulder coincides
with a corresponding decrease in the Pb-Cl peak intensity.
No similar shoulder is observed at higher » values. The lo-
cation of this peak is consistent with the r = 2.6 A Yb-Cl
nearest-neighbor distance observed by EXAFS (Fig. 2). We
thus assign the shoulder at 2.58 A to Yb-Cl pairs. This dis-
tance is slightly shorter than those calculated by DFT for the
model system of gas-phase YbClg_ (2.680 A), [44] and those

7.4% Yb3+:CsPbCls

e

[Ybpb-Vpu-Ybpp I°

Pb-Pb

D(r)

[Ybpy-Vep]~

2[Ybpu]* +[Vep]* ™

[Ybpo-Vep] ™
+[Ybpy]*

2 4 6 10 12

8
r (4)

FIG. 7. Comparison of the experimental differential PDF (dPDF)
for 7.4% Yb>*:CsPbCls (black) with simulated dPDFs for the vari-
ous calculated defect structures depicted in Fig. 3. The bent dimer
simulation was arbitrarily chosen for [Ybp, — Vi, — Ybpy]°. Two
additional dPDFs included to account for nonlocal charge com-
pensation (2[Ybp, ™ + [Vey]*~, and [Ybp, — Vi ]~ + [Ybpp]t) were
obtained by averaging the PDFs of their specified components. The
Pb-CI peak has been marked with a blue dashed line, and several
Pb-Pb peaks are marked with black dashed lines. The position of
the Cs-Pb peak in the data, poorly reproduced by the simulations, is
marked with a brown dashed line.

predicted by ground state DFT for Yb-ClI in CsPbCl; (2.62
A) [12]. For comparison, the red and green markers in Fig. 6
show the peak values of G(r) and D(r) predicted from PDF
simulations based on DFT-calculated defect structures (vide
infra).

Figure 7 compares the experimental dPDF data for the
7.4% Yb*T:CsPbCl; sample with dPDFs calculated from each
of the AIMD-computed defect structures shown in Fig. 3.
Additionally, two nonlocal defect scenarios were considered,
represented by the sum of two [Ybp,]t with one Ve~
and the sum of one [Ybp, — Vpp]~ site with one [Ybpp]™.
D(r) profiles were calculated from 1-ps AIMD trajectories
run on the various DFT-optimized structures. No difference
was observed between the calculated PDFs of the linear vs
orthogonal [Ybp, — Vpp — Ybp, I° arrangements, so the or-
thogonal was arbitrarily chosen to be shown in these results.
Significant features in the data are marked with vertical
dashed lines. In general, all simulations give reasonable rep-
resentations of the data (Fig. S12, Supplemental Material
[24]), reproducing the positions, heights, and peak shapes
for the majority of the features. The simulations consis-
tently show a significant decrease of the Cs-Pb distance upon
doping, however, whereas the data show a slight increase.
This difference is likely due to lattice distortions around the
Cs™ sites, as observed in our DFT calculations [12]. Com-
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TABLE 1. Predicted and experimental percent changes in the
intensities of select short-range order peaks in the PDF data (as
marked in Fig. 5) resulting from Yb** doping. Predicted changes
are given for the cases of (i) no Pb>* vacancies (no Vi) and (ii) 0.5
Vi per Yb** dopant (Vpy). The changes observed experimentally are
also tabulated. Statistical experimental uncertainties are estimated to
be ~0.1.

0.9% Yb**:CsPbCly 7.4% Yb**:CsPbCl,

Predicted Predicted
r(A) NoVp, Ve, Obsd. NoVp, Ve,  Obsd.
Pb-CI 283 -09 -14 -12 74 -111  -17.0

Pb-Cs  4.80 -0.0 -05  -0.8 -0.1 -3.8 -3.6
Pb-Pb  5.60 -0.2 -1 -3.0 -1.7 9.1 -149

putational work [12] predicted, for a Yb concentration of
7.4%, 95% of Ybpy dopants to be within one exciton Bohr
radius of a compensating Vp, defect, for example, in the
[Ybp, — Ve — Ybpp]° arrangement shown here. Qualitatively,
the [Ybp, — Vep, — Ybpp]® simulation is most similar to the
experimental data, particularly around the Pb-Cl peak. A re-
duced x? and r-squared goodness-of-fit analysis (not shown)
shows statistically similar results for all structures, however,
preventing quantitative discrimination between proposed de-
fect structures. This goodness-of-fit is primarily compromised
by the difference between experimental and computed distor-
tions of the Cs* sublattice upon Yb** doping, which hinders
statistical comparisons in the other regions of interest as well.

To compare with the experimental data in Fig. 5, we also
calculated the percent changes in peak intensities (relative to
an undoped sample) anticipated from the simulated PDF data
for the Pb-Cl, Pb-Cs, and Pb-Pb peaks in the short-range-order
region of the data. These results are summarized in Table I
along with the parallel experimental intensity changes, and
are illustrated graphically in Fig. 6 for the Pb-Cl bond distance
of the 7.4% Yb*":CsPbCl; sample. The Cs-Cl peak was not
analyzed due to its breadth and lack of a clear maximum. The
selected peaks, marked in Fig. 5, were chosen to allow quanti-
tative analysis of Pb>" vacancy formation upon Yb** doping.
Although inhomogeneous peak broadening can also decrease
peak intensities, peak broadening here results primarily from
Yb** doping and Pb** vacancy formation (Fig. 7), thus al-
lowing us to correlate intensity changes with the presence of
Ybp, and Vpy defects. Expected changes in peak intensities,
based on the experimental Yb>' doping levels, are tabulated
for the two cases of no Pb>t vacancies (no Vpp,) and 0.5-Pb>+
vacancies per Yb>* (Vpp), the latter being the expected value
for charge neutrality. Critically, Vp, formation is evident from
all three Pb-related short-range peaks of both doped samples.
Because all three peaks are in the short-range order regime,
these changes do not involve contributions from other atom
pairs. We therefore conclude that Yb** doping is accompa-
nied by the formation of Pb>* vacancies in CsPbCls. Although
widely hypothesized and computationally predicted, these
data are the first to demonstrate this key structural finding for
lanthanide-doped lead-halide perovskites.

Although the PDF data show Vpp, formation as the primary
charge-compensation mechanism accompanying Yb** dop-
ing, we note that they also appear to show slightly greater

peak intensity changes than anticipated for the precise sce-
nario of 0.5 Pb>* vacancies per Yb’* (see Table I). Each
peak yields a different quantitative value, but averaging over
the results for all three peaks indicates 0.9 & 0.6 Vp,/Yb>"
in the 0.9% Yb**:CsPbCl; sample and 0.9 + 0.4 Vp,/Yb*
in the 7.4% Yb**:CsPbCl; sample, for example. Graphically,
Fig. 6 shows that the experimental change in Pb-Cl peak
intensity exceeds that predicted for a ratio of 0.5 Vp,/Yb*T.
Such discrepancies could stem from the inability to accurately
quantify integrated peak intensities in the PDF data, but in
Fig. 6 we see little evidence of Pb-Cl peak broadening that
is not accounted for by the appearance of the neighboring
Yb-Cl peak. It is unclear why excess lattice Pb** vacancies
beyond those required for Yb** charge compensation might
form upon Yb** doping, but there may be other sources of
disorder induced by Yb’* doping as well. For example, we
observe a reduction in macroscopic single-crystal quality with
increasing Yb** doping that could reflect increased densities
of twinning grain boundaries (e.g., Fig. S1). Nevertheless, the
average peak-intensity change still falls within experimental
uncertainty of that anticipated for 0.5 Vpp/Yb*T, and is con-
sistent with our conclusion that Vp, formation is the primary
mode of Yb*>" charge compensation.

IV. CONCLUSION

A combination of XRD, EXAFS, and PDF data and anal-
ysis have been used to measure the structural consequences
of doping Yb>* ions into perovskite CsPbCl; crystal lattices.
The results show that ytterbium is incorporated into CsPbCl;
in its 3+ oxidation state, substituting exclusively at Pb*"
sites, and adopting a pseudo-octahedral CI™ coordination en-
vironment similar to that of Pb?>* but with contracted bond
lengths. EXAFS and PDF measurements both show Yb**-Cl~
bond lengths of 2.58 A, compared to the Pb>"-Cl~ distances
of 2.83 A. The PDF data also show evidence of extensive
Pb*>* vacancy formation upon Yb** doping, indicating this
as the primary mechanism for compensation of the excess
positive charges of Yb** dopants. These conclusions are bol-
stered by comparison of dPDF data with simulations. As
such, the results of this study represent experimental evi-
dence of correlated Yb** doping and Pb>* vacancy formation
in Yb**-doped CsPbCls;, a motif that has been frequently
hypothesized, and that is believed to play an important mech-
anistic role in the unique quantum cutting displayed by this
material. Overall, this work advances our basic structural
understanding of lanthanide-doped lead-halide perovskites in
ways that will help to develop a deeper understanding of
structure/function relationships in this class of materials, from
lattice stabilization to quantum cutting.
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